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1. Introduction

Thin-film shape memory alloy (SMA) is a promising material for
microelectromechanical system (MEMS) actuators. This is because it delivers a
large output force per unit volume, works as both a functional and structural
element, can be actuated electrically or thermally, and shows both thermal and
mechanical shape memory.™ Out of the many different potential SMAs, nickel-
titanium (NiTi) and nickel-titanium-copper (NiTiCu) based alloys have been
proven as being both commercially practical and having useful engineering
properties.® However, since Cu-based alloys are brittle in polycrystalline states,
most MEMS applications focus on using NiTi-based alloys.? NiTi thin films for
MEMS applications compared to other actuation mechanisms such as thermal,
magnetic, or electrostatic are more useful because of their high power density,
actuation force, and large displacement, and high work output per volume.1®

The basic phenomenon of the shape memory effect is the phase transition between
a low temperature, low symmetry martensite phase and the relatively high
temperature, high symmetry austenite phase, which is a reversible process.® During
heating, a significant increase in stress is present due to the change from martensite
to austenite.’ Figure 1 shows the martensite and austenite cubic structures (left) and
a schematic plot depicting the phase transformation from lower temperature
martensite to higher temperature austenite and the reverse transformation through
an arbitrary heating and cooling cycle (right).'® As, Ar, Ms, and Ms represent the
austenite start, austenite finish, martensite start, and martensite finish temperatures,
respectively.

Fig. 1  Cubic structure of the martensite and austenite phases in NiTi alloy and a schematic
diagram showing the phase transformation of low temperature martensite to higher
temperature austenite phase in NiTi6



In order to achieve the shape memory effect from the thin-film NiTi alloy above
room temperature, it is very important that the NiTi composition be equiatomic. A
small change of even 1 atomic percent (at. %) near the equiatomic composition can
shift the phase change by as much as 100 °C.% Therefore, the NiTi composition is
generally targeted at NisgTiso.

NiTi thin films have been developed using many different techniques such as DC
magnetron sputtering, radio frequency (RF) magnetron sputtering, ion beam
sputtering, laser ablation, and flash evaporation.® However, it has been well
established that sputter deposition is the most practical technique for depositing
NiTi with sufficient shape memory effect.%%° Sputtering is the best option for
depositing NiTi thin films because the conventional vacuum evaporation of NiTi
leads to the potential problem of difference in evaporation rate due to difference in
vapor pressure, thus making composition control more difficult.! One of the
techniques used for sputtering NiTi onto silicon (Si) wafers is simultaneous co-
sputtering from a Nisg Tiso alloy and pure Ti targets. It was noted quite early that the
composition of sputtered films from a NiTi target does not match the composition
of the target, but rather ends up being Ti deficient. Therefore, a second pure Ti
target is commonly added to enable precise composition control of the resulting
thin film.516

Previously, we developed a co-sputtered NiTi thin-film material deposition process
and characterized the material.}” We also developed a fabrication process to enable
free-standing NiTi/platinum (Pt) cantilever thermal actuators and demonstrated
their basic operation.*®*° In this report, we demonstrate an improved material with
greater than 5 times higher recovery stress and more thoroughly characterize the
mechanical behavior through film stress measurements as a function of temperature
as well as observations of the temperature-dependent curvature of released
structures. Large recovery stress is generally preferred for actuation in MEMS
applications’ so a natural focus was to achieve large recovery stresses in films as
thin as possible. By varying the sputtering parameters of NiTi such as temperature
of the wafer during deposition and anneal, argon (Ar) pressure during sputtering,
and NiTi thickness, we achieved a more optimal process for producing NiTi
cantilevers with an actuation temperature near 60 °C. Our study reveals that we can
achieve sufficient shape recovery properties in NiTi films as thin as 270 nm. In our
future studies, we intend to test devices of reduced NiTi thickness compared to
those here.



2. Methods

2.1 Co-Sputtering of NiTi

The equiatomic NiTi films were co-sputtered using an AJA ATC 2200 co-sputter
tool with independent DC power supplies to 2 separate 4-inch targets. We used a
NisoTiso target with 375 W of DC power and a pure Ti target with 300 W DC power
for a simultaneous co-sputter process. Substrate rotation was used during sputtering
to obtain optimal uniformity and Ar pressures of 2, 5, and 10 mTorr were tested as
deposition parameters. We sputter-deposited various thicknesses from 250 to
1500 nm at the 3 different Ar pressures to ascertain the effect of multiple parameters
for the co-sputtering process.

The films were characterized using multiple techniques including electrical
resistivity measurements on a 280S1 Sheet 4-point Resistivity Measurement System
used to quantify film uniformity across a 4-inch wafer. Additionally, we performed
energy-dispersive x-ray (EDX) film composition analysis using a Hitachi S-4500
scanning electron microscope (SEM) equipped with a PRISM® Princeton Gamma
Tech detector using a beam acceleration voltage of 20 kV.

2.2 Stress vs. Temperature Measurements

Stress versus temperature measurements were performed using a Toho FLX-2320-
S wafer bow tool with controlled heating and cooling from room temperature (RT)
to 100 °C with a heating and cooling rate of 3 °C/min. For these experiments, we
prepared films of NiTi by sputtering onto 4-inch Si wafers at 600 °C in order to
crystallize the material during sputtering. Wafer bow was measured experimentally
from RT to 100 °C at 3 °C/min heating/cooling rate, which allowed us to calculate
and plot the temperature-dependent residual stress in the NiTi film for each wafer
sample. We calculated the residual stress in the NiTi thin film based on Stoney’s
equation, which is given as

E k(1 1
o= 6(1-v) h (E - R_O) (1)

Here, o is the stress in the thin film; and E, v, and hs are Young’s modulus of Si,
Poisson ratio of the Si substrate, and the thickness of the Si substrate, respectively.
The variable h represents the thin-film thickness, while R and Ro represent the radii
of curvature of the film-Si substrate composite and the curvature of the bare Si
substrate prior to film deposition, respectively.
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We used an extended version of Stoney’s equation, as shown above, in order to
calculate the stress in the NiTi when NiTi was deposited on a layer of Pt. oniTi IS
the stress in the NiTi layer; E, v, and hs are Young’s modulus of Si, Poisson ration
of the Si substrate, and the thickness of the Si substrate, respectively; and opt
represents the stress in the annealed Pt. The variable hniti represents the NiTi thin-
film thickness, and R and Ro represent the radius of curvature of the NiTi
film/annealed Pt/Si substrate composite and the initial radius curvature of the Si
substrate, respectively.

2.3 Cantilever Fabrication and Dry Etch Release Method

Our wafer frontside dry-etch release process is depicted in Fig. 2. Starting with a
4-inch Si wafer with a 170-nm Pt backside layer and a 200-nm silicon nitride
(SizN4) frontside layer, we etched lithographically patterned regions of SizN4 down
to the Si substrate. Following this, we liftoff patterned a thermally evaporated
200-nm Pt layer with a 10-nm chromium (Cr) adhesion layer to create a differential
stress distribution across each cantilever when combined with the SMA. Pt was
selected to withstand the 600 °C anneal required to crystallize NiTi, after we
demonstrated that gold (Au) could not survive the necessary anneal. Following this,
a thin film of NiTi was blanket sputtered at 600 °C. This NiTi blanket layer was
then wet-etch patterned using a 2:2:20 solution of hydrogen fluoride (HF), nitric
acid, and deionized water (DI) for 60 s where AZ 5412 photoresist was used to
define the cantilevers. An AZ 5214 resist layer was then patterned and developed
to protect the SisN4 during the xenon difluoride (XeF2) final dry-etch release, and
to ensure that Si etching only occurred surrounding the devices to achieve the
desired release of the cantilever actuator devices,



Fig.2  Fabrication process for the NiTi cantilevers

2.4 Temperature-Dependent Bending of Released NiTi/Pt
Cantilever Bimorph Actuators

To inspect the temperature-dependent equilibrium curvature of the NiTi on Pt
MEMS cantilevers, we positioned the 7 mm x 7 mm device substrates on a 1-inch
hotplate connected to and controlled by a Linkam TMS91 temperature control box.
For this experiment, we gradually heated and cooled the sample chip at 3 °C/min,
to match the rate of the wafer bow measurements taken for the stress versus
temperature data. We used a Keyence VW-600C high-speed (color) tilting
microscope to take an angled video of the equilibrium heating and cooling of the
cantilevers, as depicted in Fig. 3. The Keyence microscope was attached to a
Keyence VHX-1000 external monitor, which recorded and displayed the live-feed
video. We used windows movie maker to post-process the videos for tasks such as
speeding up playback and including a temperature display.



Fig.3  Experimental setup for equilibrium heating and cooling experiment with a tilted
Keyence microscope (Insert: typical 7 mm x 7 mm chip used for testing)

3. Results and Discussion

3.1 SEM Inspection of NiTi Films After Sputter Deposition

We sputtered different thicknesses of NiTi onto Si wafers using various sputter
parameters. Additionally, we sputtered NiTi onto 200-nm Pt on Si to represent our
cantilever bimorphs. Originally, we deposited the NiTi at RT and then annealed the
samples at 600 °C for 1 h in order to crystalize the NiTi. We then sputtered the NiTi
above its’ crystallization temperature (~450 °C) at 600 °C and found that when
sputtered at 600 °C the NiTi came out more uniform and with less cracks in the
film, as shown in Fig. 4. Sputtering NiTi above ~450 °C, therefore, appears to result
in crystallized films, which is necessary for the shape memory effect and eliminates
the post-sputter crystallization step required otherwise.



Fig.4  Surface texture comparison between NiTi sputtered at RT, then annealed at 600 °C,
and NiTi sputtered at 600 °C

We prepared samples of NiTi sputtered onto Si wafers, and NiTi on Pt in order to
measure and calculate NiTi stress versus temperature under various sputtering
conditions. As mentioned previously, one of the ways to achieve low residual stress
and large recovery stress is to vary the NiTi sputtering parameters. We prepared 16
different samples, as shown in Table 1, each with varied Ar pressure, sputter
temperature, anneal temperature, and thickness. The sample number corresponds
to the specific NiTi-wafer. NiTi was sputtered onto Si for all wafers except where
noted by *, meaning the NiTi layer was sputtered on a 200-nm Pt layer on a Si
wafer. One sample with a bare layer of 200-nm Pt on Si wafer was used as a baseline
to determine the temperature dependent stress of annealed Pt on Si.

Table1l  Sputter parameters used for NiTi on Si (100) wafers for stress vs. temperature
measurements

Pressure Sputter Temp & :
Sample (mTorr) °0) Anneal (°C)| Thickness (nm)
1 10 RT 600 1114
2 10 RT 600 906
3 10 RT 600 952
4 10 RT 600 2102
5 10 RT 600 2325
6 10 RT 600 2004
7 10 600 -- 934
8 10 600 -- 527
9 10 600 -- 341
10 10 600 -- 269
11 5 600 -- 525
12 2 600 -- 1607
13%* 10 600 -- 987
14* 10 600 -- 981
15 5 600 -- 1126
16* 2 600 -- 1651




3.2 Uniformity of the NiTi Co-Sputter Process

In order to test the uniformity of the NiTi after deposition, we performed a 4-point
probe measurement on the surface of sample number 12. We measured the film
resistivity at 25 points in a circular pattern around the wafer, from which we
generated the contour plot of NiTi resistivity (Q2-cm) in Fig. 5. We calculated the
uniformity of 93% for the sheet resistivity using

std
mean

Uniformity = (1 — ) * 100 (3)
The discrepancy at the bottom of the wafer was due to masking off a region at the
wafer flat, which we used to measure the NiTi film thickness using contact
profilometry. Overall, these results suggest that our NiTi sputtering process is
highly uniform across a 4-inch wafer, which gives us confidence that devices
distributed anywhere across the wafer should behave with relative repeatability.

Fig.5  Contour plot representing the uniformity of the NiTi deposited across a 4-inch wafer
based on 25 surface resistivity measurements for the nominal 600 °C sputter-deposition of
NiTi on Si (100) wafer

One difference that was noticed between the samples that were deposited at RT and
the ones that were deposited at 600 °C was the temperature at which the supposed
phase transition occurred. The phase transition occurred at a higher temperature
when the NiTi was deposited at 600 °C compared to a RT deposition with 600 °C
anneal. Generally the phase transition onset was at 60 °C for the 6 RT sputtered
samples. Whereas the phase transition onset was between 65-75 °C for the samples
sputtered at 600 °C. We performed EDX measurements to test if the NiTi deposited
at 600 °C was still equiatomic, since the same nominal powers were used as in the
RT sputter process resulting in equiatomic films. Using a FEI NanoSEM 600 with



EDAX detector, we discovered that the films had become Ti rich when using the
nominal target powers and sputtering at 600 °C, as shown in Table 2. It is known
from literature that a Ti-rich film can increase the temperature of the phase change.®
Therefore, we attributed this subtle increase in temperature of the phase transition
to the deposition of the NiTi at 600 °C, which consequently yielded a Ti-rich film.
It may eventually be necessary to perform a study to determine the necessary target
powers to use during the 600 °C deposition to achieve an equiatomic film of NiTi.
This would be achieved by fixing the NiTi target power at its nominal value of
375 W and incrementally decreasing the Ti target power to determine the Ti power,
which results in an equiatomic film of NiTi.

Table 2 EDX results for NiTi samples deposited at 600 °C, using the nominal target powers
resulting in equiatomic films sputtered at RT

Sample at%

10 Tig,Ni,
13 Tig,Niy,
14 TigNi,,
15 TigNiy,

3.3 Stress vs. Temperature Measurements for NiTi on Si and
Si/Pt

We measured stress versus temperature while gradually heating the wafers starting
from RT and up to 100 °C at a rate of 3 °C/min. The stress versus temperature plots
for all the samples varied (Figs. 6-9). However, there were some characteristics
shared by all of the NiTi samples and their respective stress versus temperature
plots. Each of the samples had a phase change onset between 60 and 80 °C, whether
the sample was deposited on Pt or Si. As stated above, the reason that samples 1-6
had lower phase change temperatures was due to the equiatomic NiTi film. For
samples 7-16, the NiTi was approximately TissNis4, and Ti-rich films translated to
higher phase change temperatures.

The optimal situation is a NiTi cantilever with low residual stress, large recovery
stress, and general repeatability. Our goal was to have a repeatable sample with
relatively low residual stress and relatively large recovery stress. For the first 6
samples, we measured baseline residual stress as low as 330 MPa with recovery
stresses of up to 62 MPa.

NiTi samples 7-12 were all deposited at 600 °C. There were noticeable differences
from the first 6 samples in regards to stress versus temperature data. The 600 °C
samples generally had lower residual stress, larger recovery stress, and were



completely reversible. Both graphs 8 and 11 show a completely reversible process
that also shows the general characteristics of the NiTi shape memory alloy. For
graphs 8 and 11, the hysteresis is as large as 75 °C, while for graph 9, the hysteresis
is approximately 15 °C.

Fig. 6  Stress vs. temperature plots for samples 1-3, NiTi on Si

Fig. 7  Stress vs. temperature plots for samples 4-6, NiTi on Si

Fig.8  Stress vs. temperature plots for samples 7-9, NiTi on Si

Fig. 9  Stress vs. temperature plots for samples 10-12, NiTi on Si
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We deposited NiTi onto a layer of Pt for samples 13—-16. We did this so the stress
versus temperature data were representative of the NiTi cantilevers on Pt. We
discovered that after annealing Pt at 600 °C for 1 h, the RT residual stress in Pt is
~2,200 MPa, as shown in Fig. 10. Causes for such large stresses could be large
differences in thermal expansion of Si and Pt, the extremely large temperature
gradient of nearly 600 °C, and alloying between Pt and Si. Therefore, there is a
difference in the stress versus temperature data from the NiTi on Pt samples and
the NiTi on Si samples. The RT residual stress from samples 13-16 are comparable
to the NiTi on Si samples. The reason for this being, only the residual stress and
recovery stresses for the NiTi was calculated in the NiTi-Pt bimorph. The 21 °C
residual stress ranges from —86 to 363 MPa. In Fig. 11, sample 13 shows an
interesting characteristic that is not present in any of the other samples. On cooling,
after the drop in residual stress, it flattens out and remains constant for ~20 °C.

Fig. 10  Stress vs. temperature for annealed and non-annealed Pt

Fig. 11  Stress vs. temperature plots for samples 13-16, NiTi on Pt
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Another important aspect when looking at the NiTi thermally actuated MEMS
cantilevers is how quickly they returned to their original state, which is generally
controlled by the hysteresis in the shape memory effect. A larger hysteresis simply
means that the sample needs to be cooled over a larger temperature range, which
would result in slower transformations. It is evident from these plots that for the
first 6 samples, the cantilevers quickly returned back to their original position, due
to the narrow hysteresis of nearly 3 °C. However, the residual stress spikes back
up, leading to a non-repeatable phase change for samples 1-6, which were sputtered
at 21 °C and then annealed at 600 °C. We note that hysteresis in the 600 °C samples
could be as large as 40 °C, which is quite large when thinking about thermally
cycling a device based on this material.

As mentioned previously, the goal was to achieve low RT residual stress with a
large recovery stress. Figure 12 shows a summary of all the NiTi on Si samples.
There are 2 samples that show these desired characteristics. Both samples 8 and 11
show relatively large recovery stress (up to 882 MPa) and relatively low RT
residual stress (as low as —29 MPa). Both of these samples had a NiTi thickness of
~525 nm, which indicates that a 500-nm film of NiTi with exceptional shape
memory properties can be achieved.

Fig. 10 Summary of residual and recovery stress for samples 1-12, all of which are NiTi
on Si
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Figure 13 is a summary of the RT residual stress, and recovery stress for samples
13-16, corresponding to NiTi on Pt. Even though samples 13 and 14 have the same
parameters and similar thicknesses, they appear to be very different. Sample 13
came out of the AJA tool before it had completely cooled down, which is likely the
cause for disagreement between the 2 samples. The differences in stress could be
due to the fact that the film may have oxidized when it came out hot. This could
account for the reduction in recovery stress, since oxidized NiTi is known to have
diminished shape memory properties. The change in RT residual stress could be a
result of the rapid cooling of sample 13.

Fig. 11 Summary of residual and recovery stress for samples 13-16 all of which are NiTi
on Pt

It is interesting to note that samples 8 and 14 are both very similar. Even though
sample 8 had NiTi sputtered on Si and sample 14 had NiTi sputtered on Pt, they
both have approximately =50 MPa RT residual stress, and approximately 550 MPa
recovery stress. Both had the same sputtering parameters with only a difference of
450 nm NiTi. Not only are the residual stress and recovery stress similar, but also
the shapes of the stress versus temperature plots.

3.4 Temperature-Dependent Bending of Released NiTi/Pt
Cantilever Bimorph Actuators

In order to test the temperature-dependent behavior of the released cantilevers, we
tested devices by slowly heating them at 3 °C/min from RT to 99 °C and cooling
them at 3 °C/min back to RT. As shown in Fig. 14, the cantilevers curl and reach a

13



maximum displacement out of plane at 74 °C, and then rapidly fold flat until 99 °C.
On cooling, the cantilevers remain flat, at which point they rapidly curl upward at
63 °C and remain curled until 37 °C where they begin to fall flat until RT. It was
interesting to note that the degree of curvature (and thus out of plane displacement)
was roughly constant over the 63 to 40 °C temperature window upon cooling, a
behavior that was consistent with the stress plateau upon cooling for sample 13,
which also corresponds to a NiTi/Pt/Si stack of 987-nm NiTi, 200-nm Pt. The
devices we tested were made using the same sputter recipe as sample 13 and NiTi
thickness was measured to be 1.4 um using contact profilometry.

Fig. 12  Device testing at 3 °C/min from 30 to 99 °C and back to 30 °C

4. Conclusions

We have characterized sputter-deposited NiTi thin films, which are useful for
creating NiTi thin-film cantilever actuators. We created 16 samples of NiTi on
4-inch Si wafers to test different deposition parameters, and try to make a useful
cantilever with low RT residual stress and large recovery stress. We found after our
first 6 samples, that rather than depositing the NiTi at RT and then annealing it at
600 °C for 1 h, a smoother film is created if the NiTi was deposited at 600 °C. After
EDX tests, we found that while depositing at RT the NiTi was equiatomic, but when
depositing NiTi at 600 °C, the films became Ti rich, which lead to a higher phase
change temperature.

14



Through stress versus temperature data, we determined the deposition parameters
that result in the most ideal film conditions based on residual and recovery stresses.
From the stress versus temperature data, we can concluded that our 2 best samples
are samples 8 and 11, both of which have 527 and 525 nm of NiTi, respectively.
Through varying the deposition parameters, we improved the residual stress from
~400 MPa down to —29 MPa. We also improved the recovery stress from ~40 MPa
up to 882 MPa.

We reported on our first basic demonstrations of thermally actuated cantilevers with
intent to characterize these devices more extensively in future work.
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Ar

Au

Cr

Dl
EDX
HF
MEMS
NiTi
NiTiCu
Pt

RF

RT
SEM
Si
SiaNg
SMA
Xek:

argon
gold

chromium

deionized water
energy-dispersive x-ray
hydrogen fluoride
microelectromechanical system
nickel-titanium
nickel-titanium-copper
platinum

radio frequency

room temperature

scanning electron microscope
silicon

silicon nitride

shape memory alloy

xenon difluoride
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